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emitting diodes. Each light emitting diode is adapted to emit 
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1. 

MULTIPLE-WAVELENGTH 
PHYSIOLOGICAL MONITOR 

RELATED APPLICATIONS 

This application claims priority from U.S. Provisional No. 
61/318,735, filed Mar. 29, 2010 and is a continuation-in-part 
of U.S. application Ser. No. 12/045,309, filed Mar. 10, 2008, 
which is a continuation of U.S. application Ser. No. 1 1/139, 
291, filed May 27, 2005, now U.S. Pat. No. 7,343,186, which 
claims priority from U.S. Provisional No. 60/586,069, filed 
Jul. 7, 2004. All of the foregoing are expressly incorporated 
by reference herein. 

BACKGROUND 

1. Field 
The present invention relates to the field of signal process 

ing. More specifically, the present invention relates to the 
processing of measured signals which contain a primary sig 
nal portion and a secondary signal portion for the removal or 
derivation of either signal portion. The present invention is 
especially useful for physiological monitoring systems, 
including blood oxygen Saturation measurement systems and 
Oximeters. 

2. Description of the Related Art 
Blood oxygen Saturation measurement systems, oXime 

ters, and physiological monitors of the prior art generally 
utilize two different wavelengths of light to determine a 
patient’s blood oxygen saturation level. In general. Such sys 
tems provide two wavelengths of light to a target location on 
a patient’s body. The systems then measure at least one signal 
indicative of the transmission or reflection of the two light 
wavelengths with respect to the tissue at the target location. 
One Such physiological monitor is taught by Diab et al. in 

U.S. Pat. No. 5,632.272, incorporated by reference herein in 
its entirety. One embodiment of Diab's physiological monitor 
provides light having a red wavelength and light having an 
infrared wavelength to one side of a patient's finger. A detec 
tor on the opposite side of the patient's finger measures the 
red and infrared wavelength light transmitted through the 
patient’s finger and generates a measurement signal. A pro 
cessor analyzes the measurement signal to determine red and 
infrared component signals. Possible saturation values are 
input to a saturation equation module which provides refer 
ence coefficients. The red or infrared component signal is 
processed with the reference coefficients to yield reference 
signal vectors. 
The reference signal vectors and the red or infrared com 

ponent signal are processed by a correlation canceller to 
generate output vectors. The output vectors are input into a 
master power curve module, which provides a blood oxygen 
saturation value for each possible Saturation value input to the 
saturation equation module. The patient’s blood oxygen Satu 
ration is determined based upon the power curve module 
output. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates an arterial blood oxygen saturation curve 
in accordance with the prior art. 

FIG. 2 illustrates an arterial blood oxygen saturation curve 
of a multi-wavelength physiological monitor in accordance 
with one embodiment of the present invention. 

FIG. 3 is an example of a physiological monitor in accor 
dance with one embodiment of the present invention. 
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2 
FIG. 3A illustrates one embodiment of the low noise emit 

ter current driver of the physiological monitor of FIG. 3. 
FIG. 4 illustrates one embodiment of the front end analog 

signal conditioning circuitry and the analog to digital conver 
sion circuitry of the physiological monitor of FIG. 3. 

FIG. 5 illustrates one embodiment of the digital signal 
processing circuitry of FIG. 3. 

FIG. 6 illustrates one embodiment of additional operations 
performed by the digital signal processing circuitry of FIG.3. 

FIG. 7 illustrates one embodiment of the demodulation 
module of FIG. 6. 

FIG. 8 illustrates one embodiment of the sub-sampling 
module of FIG. 6. 

FIG. 9 illustrates one embodiment of the statistics module 
of FIG. 6. 

FIG. 10 illustrates a block diagram of the operations of one 
embodiment of the saturation transform module of FIG. 6. 

FIG. 10A illustrates an adaptive noise filter that may be 
used as the multi-variate process estimator of FIG. 10. 

FIG. 11 illustrates a saturation transform curve in accor 
dance with one embodiment of the present invention. 

FIG. 12 illustrates a block diagram of the operation of one 
embodiment of the saturation calculation module of FIG. 6. 

DETAILED DESCRIPTION 

Spectroscopy is a common technique for measuring the 
concentration of organic and some inorganic constituents of a 
solution. The theoretical basis of this technique is the Beer 
Lambert law, which states that the concentration c, of an 
absorbent in solution can be determined by the intensity of 
light transmitted through the Solution, knowing the path 
length d, the intensity of the incident light Io, and the 
extinction coefficient e, at a particular wavelength ... In 
generalized form, the Beer-Lambert law is expressed as: 

(1) = Ioneta Ho. 

(2) 

where Llo is the bulk absorption coefficient and represents 
the probability of absorption per unit length. The minimum 
number of discrete wavelengths that may be required to solve 
Equations 1 and 2 is at least the number of significant absorb 
ers that are present in the solution. Least squares or other 
estimation techniques can be used to approximate a solution 
to these equations for underdetermined or overdetermined 
systems. The system of equations is underdetermined if there 
are fewer equations or wavelengths than unknowns or signifi 
cant absorbers (e.g., blood constituents). Conversely, the sys 
tem is overdetermined if there are more equations than 
unknowns. 
A practical application of this technique is pulse oximetry, 

which utilizes a noninvasive sensor to measure blood oxygen 
saturation (SpO) and pulse rate. A multi-wavelength physi 
ological monitor in accordance with one embodiment deter 
mines blood oxygen Saturation by propagating multi-wave 
length energy through a medium, Such as a portion of a 
patient’s body where blood flows close to the body surface. 
For example, in one embodiment, energy is propagated 
through an ear lobe, a digit (such as a finger or toe), a fore 
head, or a scalp (Such as a fetus's Scalp). An attenuated signal 
is measured after energy propagation through, or reflection 
from the medium. The physiological monitor determines the 
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saturation of oxygenated blood in the patient based at least in 
part upon the measured signal. 

It is well known by those of skill in the art that freshly 
oxygenated blood is pumped at high pressure from the heart 
into the arteries for use by the body. The volume of blood in 5 
the arteries varies with the heartbeat. This variation gives rise 
to a variation in energy absorption at the heartbeat rate, or the 
pulse. 
Oxygen depleted, or deoxygenated, blood is returned to the 

heart through the veins with unused oxygenated blood. 
Unlike the arteries, the volume of blood in the veins varies 
with the rate of breathing, which is typically much slower 
than the heartbeat. Since the blood pressure in the veins is 
typically much lower than that of the arteries, the volume of 
blood in the veins varies in response to motion, Such as a 
patient raising or lowering her arm. Changes in blood Volume 
within the veins cause changes in vein thicknesses. Therefore, 
when there is no motion induced variation in the thickness of 
the veins, venous blood causes a low frequency variation in 20 
energy absorption, which is related to the rate of breathing. 
However, when erratic, motion-induced variations in the 
thickness of the veins occur, the low frequency variation in 
absorption is coupled with an erratic variation in energy 
absorption due to the erratic motion. 

In one embodiment, absorption measurements are based 
upon the transmission of energy through a medium. In one 
embodiment, multiple light emitting diodes (LEDs) are posi 
tioned on one side of a portion of the body where blood flows 
close to the body's Surface. Such as a finger, and a photode- 30 
tector is positioned on the opposite side of the Surface. In 
another embodiment one or more such LEDs emit light of 
different wavelengths. In one embodiment, one LED emits a 
visible wavelength, such as red, and the other LED emits an 
infrared wavelength. However, one skilled in the art will 
realize that other wavelength combinations could be used. 
The finger comprises skin, tissue, muscle, both arterial 

blood and venous blood, fat, etc., each of which absorbs light 
energy differently due to different absorption coefficients, 
different concentrations, different thicknesses, and changing 
optical pathlengths. When the patient is not moving, absorp 
tion is substantially constant except for variations due to the 
flow of blood through the skin, tissue, muscle, etc. A constant 
attenuation can be determined and Subtracted from the mea 
Sured signal via traditional filtering techniques. However, 
when the patient moves, perturbations such as changing opti 
cal pathlengths occur. Such perturbations may be due to 
movement of background fluids, (such as venous blood, 
which has a different saturation than arterial blood). There 
fore, the measured signal becomes erratic. Erratic, motion 
induced noise typically cannot be predetermined and Sub 
tracted from the measured signal via traditional filtering 
techniques. Thus, determining the oxygen Saturation of arte 
rial blood and Venous in erratic, motion-induced noise envi 
ronments, blood becomes more difficult. 

In one embodiment, a physiological monitor measures 
light transmission through a patients finger to determine 
arterial blood oxygen Saturation. In some cases, however, the 
measured light signal contains noise, or other secondary sig 
nal, due to an event, such as patient movement during signal 
measurement. In Such case, the signal measured by the physi 
ological monitor includes a primary portion, related to the 
blood oxygen saturation of the patient, and a secondary por 
tion, related to the noisy, erratic, motion-induced secondary 
signal. The physiological monitor processes the measured 
signal to determine the patient’s blood oxygen Saturation 
based upon the signals primary portion. 
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4 
In one embodiment, the physiological monitor utilizes a 

processor to determine a secondary reference signal n'(t) or 
N. The secondary reference signal n'(t) is used to determine 
the primary portion of the measured signal. In one embodi 
ment, the secondary reference signal n'(t) is input to a multi 
variate process estimator, which removes the erratic, motion 
induced secondary signal portions from the measured signal. 
In another embodiment, the processor determines a primary 
signal reference signals'(t) which is used for display purposes 
or for input to a multi-variate process estimator to derive 
information about patient movement and venous blood oxy 
gen Saturation. 

FIG. 1 illustrates an arterial blood oxygen saturation curve 
100 representative of the sensitivity of blood oxygen satura 
tion systems of the prior art. Such systems utilize two differ 
ent wavelengths of light (Such as red and infrared wavelength 
light) to determine blood oxygen saturation. The wavelengths 
used may be, for example, about 660 nm and about 905 nm. At 
660 nm, deoxyhemoglobin has a higher absorption than oxy 
hemoglobin, while the reverse is the case at 905 nm. This 
difference in absorption between oxyhemoglobin and deoxy 
hemoglobin allows for the calculation of blood oxygen Satu 
ration levels. 

In FIG. 1, arterial blood oxygen saturation (SaC)) is rep 
resented on the y-axis of the curve 100. The x-axis represents 
ratios of a red wavelength light transmission signal and an 
infrared wavelength light transmission signal. An ideal satu 
ration curve 102 would be highly accurate at all values. How 
ever, due to the limitations of using only two wavelengths of 
light, such systems typically operate between a lower range 
curve 104 and an upper range curve 106. Such blood oxygen 
saturation systems typically exhibit highly accurate, low tol 
erance 107 measurements at high saturation values 108, but at 
lower saturation values 110, that accuracy decreases, and 
increased tolerance 111 results. 
The arterial blood oxygen saturation curve 120 of a multi 

wavelength physiological monitor in accordance with one 
embodiment of the present invention is shown in FIG. 2. The 
multi-wavelength system utilizes at least three different 
wavelengths of light (W. W. . . . W) to determine blood 
oxygen Saturation. Arterial blood oxygen Saturation (SO) is 
represented on the y-axis of the curve 120. The x-axis repre 
sents ratios of composite signals, each comprising signals 
based upon the light transmission of the various light wave 
lengths (w, w, . . . ). Each ratio r can be expressed by: 

- - - 
2. f3 NPRMs. 

where n is the number of wavelengths of light utilized by the 
multi-wavelength physiological monitor, NPs is the nor 
malized plethysmographic waveform of the ith wavelength 
light Source, and C, and B, are vector coefficients of known 
constants that are determined based upon fitting and/or cali 
bration using experimental data and/or model(s). 
The curve 120 contains lower and upper limit range curves 

122, 124. However, the lower and upper limit range curves 
122, 124 of the multi-wavelength physiological monitor are 
more linear than the lower and upper range curves 104,106 of 
the dual-wavelength blood oximeter described above, as 
illustrated in FIG. 1. In addition, the lower and upper limit 
range curves 122, 124 of the multi-wavelength physiological 
monitor exhibit higher accuracy and lower tolerance 126 than 
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the dual-wavelength blood oximeter of FIG.1, particularly at 
lower arterial blood oxygen Saturation levels. In certain cases, 
Such as during the monitoring of neonates, or persons with 
low blood-oxygen saturation, it is desirable for the physi 
ological monitor to exhibit increased accuracy at lower Satu 
ration levels. For example, when providing oxygen to a neo 
nate, it is often critical that neither too much oxygen nor too 
little oxygen is provided. A multi-wavelength physiological 
monitor provides improved accuracy as well as an improved 
signal-to-noise ratio at lower perfusion levels. 
A multi-wavelength physiological monitor provides addi 

tional advantages over a two-wavelength device, as well. For 
example, utilizing multiple wavelengths provide a multi-di 
mensional calibration curve, which can be used to provide 
multiple degrees of freedom to compensate for variation in 
other physiologically-related parameters. As discussed 
above, when only two wavelengths are used but there are 
more than two significant absorbers in the patients tissue, the 
system may be underdetermined. Therefore, adding wave 
lengths sensitive to additional significant absorbers can help 
the system compensate for the additional significant absorb 
ers and enable more accurate calculation of the concentration 
of each absorber and the blood oxygen saturation. For 
example, an eight wavelength physiological monitor utilizes 
an eight-dimensional calibration curve, which provides eight 
degrees of freedom to compensate for various physiologi 
cally-related parameters. Such parameters can include, for 
example, noise, motion, various hemodynamic parameters, 
and/or blood constituent concentrations and/or levels. On the 
other hand, the system may be overdetermined if, for 
example, more wavelengths are used than there are significant 
absorbers and/or wavelengths are used for constituents not 
present in the particular patient’s blood. 

Furthermore, traditional physiological monitors that ulti 
lize two light Sources to derive a patient's plethysmographic 
signal generally require one light source's wavelength to fall 
in the red spectrum and the other light sources wavelength to 
fall in the infrared spectrum. However, a multi-wavelength 
physiological monitor advantageously provides the ability to 
utilize all infrared wavelength light sources and/or other non 
red infrared light sources to derive an accurate plethysmo 
graphic waveform. One advantage of utilizing non-red wave 
length light sources (for example, all infrared wavelength 
light sources) is that the multi-wavelength physiological 
monitor can be further configured to determine several blood 
constituent concentrations based upon signals measured from 
just the non-red light sources. For example, such a multi 
wavelength physiological monitor can determine levels and/ 
or concentrations of methemoglobin (MetHb), carboxyhe 
moglobin (COHb), low hemoglobin levels, high hemoglobin 
levels, bilirubin, methylene blue, deoxyhemoglobin, and lip 
ids. 
The ability to measure a physiological parameter with a 

multi-dimensional system allows the system to compensate 
and account for the presence of other conditions that may 
affect the particular physiological parameter being measured. 
For example, many drugs cause the level of Methb within a 
patient’s blood to increase. MetHb also absorbs light at the 
two wavelengths used in a typical two-wavelength physi 
ological monitor, which may cause inaccurate S.O., readings. 
Increased levels of MetHb generally cause blood oxygen 
concentration level (e.g., S.O.) readings to decrease. A two 
wavelength physiological monitor would provide reduced 
readings of blood oxygen concentration, but would not be 
able to identify the cause for the decreased reading, or to 
compensate for Such readings. On the other hand, a multi 
wavelength physiological monitor, Such as any of the multi 
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6 
wavelength physiological monitors described below, could 
not only identify the cause of decreased S.O., readings, but 
also (or alternatively) compensate for Such cause when cal 
culating the patient's SO, level and/or signal. For example, 
to compensate for MetHb, one or more wavelengths sensitive 
to Methb can be used. The wavelength(s) used can be, for 
example, about 760 nm and/or about 805 nm or the like. This 
allows for one or more additional equation (s) and degree(s) 
of freedom so that solving the system may account for the 
effect of the level of Methb on blood oxygen saturation 
readings. 

Similarly, the system can compensate for other blood con 
stituents with the addition of wavelengths sensitive to the 
other blood constituents of interest. For example, carboxyhe 
moglobin absorbs about the same amount of 660 nm light as 
oxyhemoglobin. Therefore, a typical two-wavelength physi 
ological monitor can mistake carboxyhemoglobin for oxyhe 
moglobin, which can result in normal blood oxygen satura 
tion level readings even though the actual level is abnormal. 
For example, for every about 1% of carboxyhemoglobin cir 
culating in the blood, the monitor may over read by about 1%. 
Selecting one or more additional wavelengths sensitive to 
carboxyhemoglobin, for example, about 610, 630, and/or 640 
or the like, can allow the system to compensate for this effect. 
The system can compensate for other blood constituents. Such 
as deoxyhemoglobin or lipids, with the addition of wave 
lengths sensitive to those constituents. More wavelengths can 
allow the system to compensate for more variables. 
The various blood constituents mentioned above may not 

be orthogonal; rather they are often highly correlated with one 
another. Therefore, even using multiple wavelengths may not 
fully eliminate the effect of such constituents on the blood 
oxygen Saturation level calculations, but it can reduce or 
minimize the effect and produce more accurate blood oxygen 
saturation level readings. In one embodiment, using eight 
wavelengths (including, for example, any of the wavelengths 
mentioned herein) can provide relatively more accurate read 
ings of blood oxygen Saturation levels relative to other num 
bers of wavelengths. However, the number of wavelengths 
that is most appropriate for a particular patient and that will 
provide the most accurate readings can vary based on Such 
factors as the actual concentrations of blood constituents in 
the patient’s blood, as well as the patient's condition, gender, 
age, or the like. In addition to improving the accuracy of blood 
oxygen Saturation level readings, using multiple wavelengths 
can also provide relatively more accurate measurements of 
other parameters, including, for example, the concentrations 
of any of the blood constituents or other parameters men 
tioned herein. 

In one embodiment, the multi-wavelength physiological 
monitor compensates for conditions, such as motion and/or 
blood constituents that would cause a standard two-wave 
length system to over- or under-react to the presence of Such 
condition. Such compensation provides a more accurate, 
stable reading or a patient's physiological condition, includ 
ing, but not limited to, their blood oxygen concentration 
and/or plethysmographic signal. 
A schematic of one embodiment of a multi-wavelength 

physiological monitor for pulse oximetry is shown in FIGS. 
3-5. FIG. 3 depicts a general hardware block diagram of a 
multi-wavelength pulse oximeter 299. A sensor 300 has n 
LEDs 302, which in one embodiment are at least three light 
emitters. Then LEDs 302 emit light of different wavelengths 
(w, w, ... W). In one embodiment, then LEDs 302 include 
four, six, eight or sixteen LEDs of different wavelengths. In 
one embodiment, then LEDs 302 are placed adjacent a finger 
310. A photodetector 320 receives light from then LEDs 302 
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after it has been attenuated by passing through the finger. The 
photodetector 320 produces at least one electrical signal cor 
responding to the received, attenuated light. In one embodi 
ment, the photodetector 320 is located opposite then LEDs 
302 on the opposite side of the finger 310. The photodetector 
320 is connected to front end analog signal conditioning 
circuitry 330. 
The front end analog signal conditioning circuitry 330 has 

outputs that are coupled to an analog to digital conversion 
circuit 332. The analog to digital conversion circuit 332 has 
outputs that are coupled to a digital signal processing system 
334. The digital signal processing system 334 provides 
desired parameters as outputs for a display 336. Outputs for 
the display 336 include, for example, blood oxygen satura 
tion, heart rate, and a clean plethysmographic waveform. 

The signal processing system also provides an emitter cur 
rent control output 337 to a digital-to-analog converter circuit 
338. The digital-to-analog converter circuit 338 provides con 
trol information to emitter current drivers 340. The emitter 
drivers 340 are coupled to then light emitters 302. The digital 
signal processing system 334 also provides a gain control 
output 342 for front end analog signal conditioning circuitry 
330. 

FIG. 3A illustrates one embodiment of the drivers 340 and 
the digital to analog conversion circuit 338. As depicted in 
FIG.3A, the digital-to-analog conversion circuit 338 includes 
first and second input latches 321,322, a synchronizing latch 
323, a Voltage reference 324, and a digital to analog conver 
sion circuit 325. The emitter current drivers 340 include first 
and second switch banks 326, 327, and n voltage to current 
converters 328. LED emitters 302 of FIG.3 are coupled to the 
output of the emitter current drives 340. 
The driver depicted in FIG. 3A is advantageous in that the 

present inventors recognized that much of the noise in the 
oximeter 299 of FIG. 3 is caused by the LED emitters 302. 
Therefore, the emitter driver circuit of FIG. 3A is designed to 
minimize the noise from the emitters 302. The first and sec 
ond input latches 321,322 are connected directly to the DSP 
bus. Therefore, these latches significantly minimizes the 
bandwidth (resulting in noise) present on the DSP bus which 
passes through to the driver circuitry of FIG. 3A. The output 
of the first and second input latches only changes when these 
latched detect their address on the DSP bus. The first input 
latch 321 receives the setting for the digital to analog con 
verter circuit 325. The second inputlatch 322 receives switch 
ing control data for the switch banks 326, 327. The synchro 
nizing latch 323 accepts the synchronizing pulses which 
maintain synchronization between the activation of emitters 
302 and the analog to digital conversion circuit 332. 
The Voltage reference is chosen as a low noise DC voltage 

reference for the digital to analog conversion circuit 325. In 
addition, in the present embodiment, the Voltage reference 
has a lowpass output filter with a very low corner frequency 
(e.g., 1 Hz in the present embodiment). The digital to analog 
converter 325 also has a lowpass filter at its output with a very 
low corner frequency (e.g., 1 Hz). The digital to analog con 
verter provides signals used to drive each of the emitters 302. 

In the present embodiment, the output of the voltage to 
current converters 328 are switched such that, only one emit 
ter is active at any given time. In addition, the Voltage to 
current converter for the inactive emitter is switched offat its 
input as well. Such that it is deactivated. This reduces noise 
from the Switching and Voltage to current conversion cir 
cuitry. In the present embodiment, low noise Voltage to cur 
rent converters 328 are selected (e.g., Op. 27 Op Amps), and 
the feedback loop is configured to have a low pass filter to 
reduce noise. In the present embodiment, the low pass filter 
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8 
ing function of the Voltage to current converters 328 has a 
corner frequency of just above 625 Hz, which is the switching 
speed for the emitters 302, as further discussed below. 
Accordingly, the driver circuit embodiment of FIG.3A, mini 
mizes the noise of the emitters 302. 

In general, then light emitters 302 each emit lightenergy of 
a different wavelength, which is absorbed by the finger 310 
and received by the photodetector 320. The photodetector 320 
produces an electrical signal which corresponds to the inten 
sity of the light energy striking the photodetector 320. The 
front end analog signal conditioning circuitry 330 receives 
the intensity signals and filters and conditions these signals as 
further described below for further processing. The resultant 
signals are provided to the analog-to-digital conversion cir 
cuitry 332, which converts the analog signals to digital signals 
for further processing by the digital signal processing system 
334. The digital signal processing system 334 utilizes the 
signals in order to provide what will be called herein a “satu 
ration transform.” It should be understood, that for param 
eters other than blood Saturation monitoring, the Saturation 
transform could be referred to as a concentration transform, 
in-vivo transform, or the like, depending on the desired 
parameter. The term “saturation transform' is used to 
describe an operation which converts the sample data from 
time domain to saturation domain values, as will be apparent 
from the discussion below. In the present embodiment, the 
output of the digital signal processing system 334 provides 
clean plethysmographic waveforms of the detected signals 
and provides values for oxygen saturation and pulse rate to 
the display 336. 

It should be understood that in different embodiments of 
the present invention, one or more of the outputs may be 
provided. The digital signal processing system 334 also pro 
vides control for driving the n light emitters 302 with an 
emitter current control signal on the emitter current control 
output 337. This value is a digital value which is converted by 
the digital-to-analog conversion circuit 338, which provides a 
control signal to the emitter current drivers 340. The emitter 
current drivers 340 provide the appropriate current drive for 
then light emitters 302. Further detail of the operation of the 
multi-wavelength physiological monitor for pulse oximetry 
is explained below. 

In the present embodiment, the n light emitters 302 are 
driven via the emitter current driver 340 to provide light 
transmission with digital modulation at 625 Hz. In the present 
embodiment, the n light emitters 302 are driven at a power 
level that provides an acceptable intensity for detection by the 
detector 320 and for conditioning by the front end analog 
signal conditioning circuitry 330. Once this energy level is 
determined for a given patient by the digital signal processing 
system 334, the current level for the n light emitters 302 is 
maintained Substantially constant. It should be understood, 
however, that the current could be adjusted for changes in the 
ambient room light and other changes that would affect the 
Voltage input to the front end analog signal conditioning 
circuitry 330. 

In one embodiment, then light emitters 302 are modulated 
as follows: for one complete 625 Hz cycle, each emitter 302 
is activated for one /2n cycle, and off for the remaining 
(2n-1)/2n cycle. In order to only receive one signal at a time 
302, the emitters are cycled on and off alternatively, in 
sequence, with each only active for a /2n cycle per 625 Hz 
cycle, with a /2n cycle separating the active times. The light 
signal is attenuated (e.g., amplitude modulated) by the pump 
ing of blood through the finger 310 (or other sample medium). 
The attenuated (e.g., amplitude modulated) signal is detected 
by the photodetector 320 at the 625 Hz carrier frequency for 
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the multi-wavelength light. Because only a single photode 
tector 320 is used, the photodetector 320 receives all light 
wavelength signals to form a composite time division signal. 

The composite time division signal is provided to the front 
analog signal conditioning circuitry 330. Additional detail 
regarding the front end analog signal conditioning circuitry 
330 and the analog to digital converter circuit 332 is illus 
trated in FIG. 4. As depicted in FIG.4, in one embodiment, the 
front end circuitry 330 has a preamplifier 342, a high pass 
filter 344, an amplifier 346, a programmable gain amplifier 
348, and a low pass filter 350. In one embodiment, the pream 
plifier 342 is a transimpedance amplifier that converts the 
composite current signal from the photodetector 320 to a 
corresponding Voltage signal, and amplifies the signal. In the 
present embodiment, the preamplifier has a predetermined 
gain to boost the signal amplitude for ease of processing. In 
the present embodiment, the Source Voltages for the pream 
plifier 342 are -15VDC and +15 VDC. As will be understood, 
the attenuated signal contains a component representing 
ambient light as well as a component representing the each of 
the multi-wavelengths of light overtime. If there is light in the 
vicinity of the sensor 300 other than the multi-wavelengths of 
light from the n light emitters 302, this ambient light is 
detected by the photodetector 320. Accordingly, the gain of 
the preamplifier is selected in order to prevent the ambient 
light in the signal from Saturating the preamplifier under 
normal and reasonable operating conditions. 

In one embodiment, the preamplifier 342 includes an Ana 
log Devices AD743JR OpAmp. This transimpedance ampli 
fier is particularly advantageous in that it exhibits several 
desired features for the system described, such as: low 
equivalent input voltage noise, low equivalent input current 
noise, low input bias current, high gain bandwidth product, 
low total harmonic distortion, high common mode rejection, 
high open loop gain, and a high power Supply rejection ratio. 

The output of the preamplifier 342 is coupled to an input of 
the high pass filter 344. The output of the preamplifier also 
provides a first input 346 to the analog to digital conversion 
circuit 332. In the present embodiment, the high pass filter is 
a single-pole filter with a corner frequency of about /2-1 Hz. 
However, the corner frequency is readily raised to about 90 
HZ in one embodiment. As will be understood, the 625 Hz 
carrier frequency of the multi-wavelength light signal is well 
above a 90 HZ corner frequency. The high-pass filter 344 has 
an output coupled as an input to an amplifier 346. In the 
present embodiment, the amplifier 346 comprises a unity gain 
amplifier. However, the gain of the amplifier 346 is adjustable 
by the variation of a single resistor. The gain of the amplifier 
346 is increased if the gain of the preamplifier 342 is 
decreased to compensate for the effects of ambient light. 
The output of the amplifier 346 provides an input to a 

programmable gain amplifier 348. The programmable gain 
amplifier 348 also accepts a programming input from the 
digital signal processing system 334 on again control signal 
line 343. In one embodiment, the gain of the programmable 
gain amplifier 348 is digitally programmable. The gain is 
adjusted dynamically at initialization or at sensor placement 
due to changes in the medium (e.g., the finger) and due to 
variations in the medium from patient to patient. Therefore, a 
dynamically adjustable amplifier is provided by the program 
mable gain amplifier 348 in order to obtain a signal suitable 
for processing. 
The programmable gain amplifier 348 is also advantageous 

in an alternative embodiment in which the emitter drive cur 
rent is held constant. In the present embodiment, the emitter 
drive current is adjusted for each patient in order to obtain the 
proper dynamic range at the input of the analog to digital 
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10 
conversion circuit 332. However, changing the emitter drive 
current can alter the emitter wavelength, which in turn affects 
the end result in oximetry calculations. Accordingly, in 
another embodiment, it is advantageous to fix the emitter 
drive current for all patients. In an alternative embodiment of 
the present invention, the programmable gain amplifier can be 
adjusted by the DSP in order to obtain a signal at the input to 
the analog to digital conversion circuit which is properly 
within the dynamic range (+3 V to -3 V in the present 
embodiment) of the analog to digital conversion circuit 332. 
In this manner, the emitter drive current could be fixed for all 
patients, eliminating wavelength shift due to emitter current 
drive changes. 
The output of the programmable gain amplifier 348 

couples as an input to a low-pass filter 350. Advantageously, 
the low pass filter 350 is a single-pole filter with a corner 
frequency of approximately 10 kHz in the present embodi 
ment. This low pass filter provides anti-aliasing in the present 
embodiment. 
The output of the low-pass filter 350 provides a second 

input 352 to the analog-to-digital conversion circuit 332. In 
the present embodiment, the analog-to-digital conversion cir 
cuit 332 comprises a first analog-to-digital converter 354 and 
a second analog-to-digital converter 356. Advantageously, 
the first analog-to-digital converter 354 accepts input from 
the first input 346 to the analog-to-digital conversion circuit 
332, and the second analog to digital converter 356 accepts 
input on the second input 352 to the analog-to-digital conver 
sion circuitry 332. 

In one embodiment, the first analog-to-digital converter 
354 is a diagnostic analog-to-digital converter. The diagnostic 
task (performed by the digital signal processing system) is to 
read the output of the detectorasamplified by the preamplifier 
342 in order to determine if the signal is saturating the input 
to the high-pass filter 344. In the present embodiment, if the 
input to the high pass filter 344 becomes saturated, the front 
end analog signal conditioning circuits 330 provides a “0” 
output. Alternatively, in another embodiment, a first analog 
to-digital converter 354 is not used. 
The second analog-to-digital converter 356 accepts the 

conditioned composite analog signal from the front end sig 
nal conditioning circuitry 330 and converts the signal to digi 
tal form. In the present embodiment, the second analog to 
digital converter 356 comprises a single-channel, delta-sigma 
converter. In the present embodiment, a Crystal Semiconduc 
tor CS5317-KS delta-sigma analog to digital converter is 
used. Such a converter is advantageous in that it is low cost 
and exhibits low noise characteristics. More specifically, a 
delta-sigma converter consists of two major portions: a noise 
modulator and a decimation filter. The selected converteruses 
a second order analog delta-sigma modulator to provide noise 
shaping. Noise shaping refers to changing the noise spectrum 
from a flat response to a response where noise at the lower 
frequencies has been reduced by increasing noise at higher 
frequencies. The decimation filter then cuts out the reshaped, 
higher frequency noise to provide 16-bit performance at a 
lower frequency. The present converter samples the data 128 
times for every 16 bit data word that it produces. In this 
manner, the converter provides excellent noise rejection, 
dynamic range and low harmonic distortion, which help in 
critical measurement situations like low perfusion and elec 
trocautery. 

In addition, by using a single-channel converter, there is no 
need to tune two or more channels to each other. The delta 
sigma converter is also advantageous in that it exhibits noise 
shaping, for improved noise control. An exemplary analog to 
digital converter is a Crystal Semiconductor CS5317. In the 
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present embodiment, the second analog to digital converter 
356 samples the signal at a 20 kHZsample rate. The output of 
the second analog to digital converter 356 provides data 
samples at 20 kHz to the digital signal processing system 334 
(FIG. 3). 
The digital signal processing system 334 is illustrated in 

additional detail in FIG. 5. In the present embodiment, the 
digital signal processing system includes a microcontroller 
360, a digital signal processor (DSP) 362, a program memory 
364, a sample buffer 366, a data memory 368, a read only 
memory 370 and communication registers 372. In one 
embodiment, the digital signal processor 362 is an Analog 
Devices AD 21020, although other digital signal processors 
may be employed, as is well known by those of skill in the art. 
In one embodiment, the microcontroller 360 comprises a 
Motorola 68HC05, with built in program memory. In the 
present embodiment, the sample buffer 366 is a buffer which 
accepts the 20 kHZ sample data from the analog to digital 
conversion circuit 332 for storage in the data memory 368. In 
the present embodiment, the data memory 368 comprises 32 
kWords (words being 40 bits in the present embodiment) of 
static random access memory. Other chips, data rates and data 
memory configurations may be employed, as is well knownto 
those of skill in the art. 

In one embodiment, the microcontroller 360 is coupled to 
the DSP 362 via a conventional JTAG Tap line. The micro 
controller 360 transmits the bootloader for the DSP362 to the 
program memory 364 via the Tap line, and then allows the 
DSP 362 to boot from the program memory 364. The boot 
loader in program memory 364 then causes the transfer of the 
operating instructions for the DSP 362 from the read only 
memory 370 to the program memory 364. Advantageously, 
the program memory 364 is a very high speed memory for the 
DSP362. The microcontroller 360 provides the emitter cur 
rent control and gain control signals via the communications 
register 372. 

FIGS. 6-10 depict functional block diagrams of the opera 
tions of the multi-wavelength pulse oximeter 299 that in one 
embodiment are executed by the digital signal processing 
system 334. The signal processing functions described below 
are carried out by the DSP 362 in the present embodiment, 
with the microcontroller 360 providing system management. 
In the present embodiment, the operation is software/firm 
ware controlled. FIG. 6 depicts a generalized functional block 
diagram for the operations performed on the 20 kHz, sample 
data entering the digital signal processing system 334. As 
illustrated in FIG. 6, a demodulation operation, as represented 
in a demodulation module 400, is first performed. Sub-Sam 
pling, as represented by Sub-sampling operation 402, is then 
performed on the resulting data. Certain statistics are calcu 
lated, as represented in a statistics module 404. A Saturation 
transform is performed, as represented in a Saturation trans 
form module 406, on the data resulting from the Sub-sampling 
operation 402. The data subjected to the statistics operations 
and the data Subjected to the Saturation transform operations 
are forwarded to Saturation operations, as represented by a 
saturation calculation module 408 and pulse rate operations, 
as represented by pulse rate calculation module 410. 

In general, the demodulation operation separates each of 
the multi-wavelength signals from the composite signal and 
removes the carrier frequency, leaving raw data points. The 
raw data points are provided at intervals (e.g., at 625 HZ) to 
the Sub-sampling operation 402, which in one embodiment, 
reduces the samples by an order of 10 from samples at 625 Hz 
to samples at 62.5 Hz. The Sub-sampling operation also pro 
vides some filtering on the samples. The resulting data is 
Subjected to statistics and Saturation transform operations 
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404, 406 to calculate a saturation value, which is very tolerant 
to motion artifacts and other noise in the signal. The satura 
tion value is ascertained in the saturation calculation module 
408, and a pulse rate and a clean plethysmographic waveform 
are obtained through the pulse rate module 410. Additional 
details regarding the various operations are provided in con 
nection with FIGS. 7-10. 

FIG. 7 illustrates one embodiment of the operation of the 
demodulation module 400. One embodiment of a composite, 
modulated signal format is depicted in FIG. 7. One full 625 
HZ cycle of the n-wavelength, composite signal is depicted in 
FIG. 7 with the first /2n cycle including the first light wave 
length signal plus ambient light signal, the second /2n cycle 
including an ambient light signal, the third /2n cycle includ 
ing the second light wavelength signal plus ambient light 
signal, and the fourth /2n cycle including an ambient light 
signal. In one embodiment, this pattern repeats in times, 
wherein the (2n-1)" /2 n cycle includes the n" light wave 
length signal plus an ambient light signal, and the 2n' cycle 
includes an ambient light signal. 

Alternatively, in another embodiment, the first cycle of the 
composite signal includes the first light wavelength signal 
plus an ambient light signal, and the second cycle of the 
composite signal includes the second light wavelength signal 
plus an ambient light signal. This pattern repeats to the n” 
cycle of the composite signal, which includes the n' wave 
length signal plus an ambient light signal. In Such embodi 
ment, the (n+1)" cycle includes only an ambient light signal. 
As depicted in FIG. 7, when a 20 kHz sampling frequency 

is utilized, the single full cycle at 625 Hz described above 
comprises 32 samples of 20 kHz, data, eight samples relating 
to the first wavelength of light plus ambient light, eight 
samples relating to ambient light, eight samples relating to the 
second wavelength of light plus ambient light, finally eight 
samples related to ambient light, etc. This pattern repeats for 
each of then wavelength of light. 

Because the signal processing system 334 controls the 
activation of the light emitters 302, the entire system is syn 
chronous. In one embodiment, the data is synchronously 
divided (and thereby demodulated) into 2n 8-sample packets, 
with a time division demultiplexing operation as represented 
in a demultiplexing module 421. One eight-sample packet 
422 represents the first wavelength of light plus ambient light 
signal, a second eight-sample packet 424 represents an ambi 
ent light signal, a third eight-sample packet (not shown) rep 
resents the attenuated second wavelength of light plus ambi 
ent light signal, a fourth eight-sample packet (not shown) 
represents the ambient light signal. This structure repeats 
until the (2n-1)" eight-sample packet 426, which represents 
the attenuated n' wavelength of light plus ambient light sig 
nal, and 2n' eight-sample packet 428, which represents an 
ambient light signal. A select signal Synchronously controls 
the demultiplexing operation so as to divide the time-division 
multiplexed composite signal at the input of the demulti 
plexer 421 into its n subparts. 

In one embodiment, the last several samples from each 
packet are then processed as follows. A Sum of the last four 
samples from each packet is calculated, as represented in the 
summing operations 430 of FIG. 7. In the present embodi 
ment, the last four samples are used because a low pass filter 
in the analog to digital converter 356 of the present embodi 
ment has a settling time. However, any number of samples 
may be so summed. The selection of the number of samples to 
be summed will be determined based at least in part on the 
settling time of then LEDs 302 (not shown). Collecting the 
last four samples from each 8-sample packet allows the pre 
vious signal to clear. This Summing operation provides an 
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integration operation which enhances noise immunity. The 
Sum of the respective ambient light samples is then Subtracted 
from the sum of each of the individual wavelength samples, as 
represented in the subtraction modules 438. It should be 
understood that in one embodiment, for n wavelengths of 
light, there will ben subtraction modules 438. The subtraction 
operation provides some attenuation of the ambient light 
signal present in the data. In the present embodiment, it has 
been found that approximately 20 dB attenuation of the ambi 
ent light is provided by the operations of the subtraction 
modules 438. The resultant individual wavelength sum values 
are divided by the number of samples Summed in Summing 
operations 430. In the present embodiment, the sum values 
are divided by four, as represented in the divide modules 442. 
Each resultant value provides one sample each of each of the 
individual wavelengths light signals at 625 Hz. 

It should be understood that the carrier frequency has been 
removed by the demodulation operation 400. In one embodi 
ment, the 625 Hz sample data at the output of the demodula 
tion operation 400 is sample data without the carrier fre 
quency. In order to satisfy Nyquist sampling requirements, 
less than 20 HZ is used (understanding that the human pulse is 
about 25 to 250 beats per minute, or about 0.4 HZ-4 Hz). 
Accordingly, the 625 Hz resolution is reduced to 62.5 Hz in 
the Sub-Sampling operation 402 (not shown). Although in the 
present embodiment the sub-sampling operation 400 effec 
tively reduces the data rate by 10:1, other such sub-sampling 
ratios may be used. The term 'Sub-sampling in addition to 
its ordinary meaning, is intended to include decimation and 
Sub-Sampling at any appropriate rate or ratio. Such methods 
are well known to those of skill in the art. 

FIG. 8 illustrates the operations of one embodiment of the 
sub-sampling module 402 of FIG. 6. The multi-wavelength 
light sample data is provided at 625 Hz to corresponding 
buffers or filters 450. It should be understood that in one 
embodiment, for n wavelengths of light, there are n corre 
sponding buffers or filters 450. In the present embodiment, 
the multi-wavelength light buffers/filters 450 are 519 samples 
deep, although other such buffers or filters may be used, as is 
well knownto those of skill in the art. In one embodiment, the 
buffer filters 450 function as continuous first-in, first-out buff 
ers (FIFO buffers). The 519 samples of each buffer filter 450 
are subjected to low-pass filtering. Preferably, the low-pass 
filtering has a cutoff frequency of approximately 7.5 Hz with 
attenuation of approximately -110 dB. The buffer/filters 450 
form a Finite Impulse Response (FIR) filter with coefficients 
for 519 taps. In order to reduce the sample frequency by ten, 
the low-pass filter calculation is performed every ten samples, 
as represented in sub-sample modules 454. In other words, 
with the transfer of each new ten samples into the buffer/ 
filters 450 a new low pass filter calculation is performed by 
multiplying the impulse response (coefficients) by the 519 
filter taps. Each filter calculation provides one output sample 
for respective output buffers 458. In the present embodiment, 
the output buffers 458 are also continuous FIFO buffers that 
hold 570 samples of data. The 570 samples provide respective 
samples or packets (also denoted 'Snapshot herein) of 
samples. The output buffers 458 provide sample data to the 
statistics operation module 404, Saturation transform module 
406, and the pulse rate module 410, as illustrated in FIG. 6. 

FIG. 9 illustrates additional functional operation details of 
the statistics module 404. In Summary, the statistics module 
404 provides first order oximetry calculations and RMS sig 
nal values for each of then wavelengths of light. The statistics 
module 404 also provides a cross-correlation output which 
indicates a cross-correlation between the n wavelengths of 
light. 
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As represented in FIG.9, the statistics module 404 receives 

in packets of samples from the output buffers 458 (not shown) 
of the sub-sampling module 402 of FIGS. 6 and 8. In one 
embodiment, the samples include 570 samples at 62.5 Hz 
which represent the attenuated in wavelengths of light signals 
with the carrier frequency removed. Each packet is normal 
ized with a log function, as represented in the n log modules 
480. 
The signals are then Subjected to bandpass filtering, as 

represented in the n bandpass filter modules 488. In the 
present embodiment, with 570 samples in each packet, the 
bandpass filters are configured with 301 taps to provide a FIR 
filter with a linear phase response and little or no distortion. In 
the present embodiment, the bandpass filter has a pass band 
from 34 beats/minute to 250 beats/minute. The 301 taps slide 
over each 570 sample packet in order to obtain 270 filtered 
samples for each of the n filtered wavelength signal. In one 
embodiment, the n bandpass filters 488 remove the DC in the 
signal. However, in another embodiment, addition DC 
removal operations (not shown) may be provided to assist in 
DC removal. 

After filtering, the last j samples from each packet (each 
packet now containing 270 samples in the present embodi 
ment) are selected for further processing, as represented in the 
in select last samples modules 492. In one embodiment, 
equals 120, and the last 120 samples are selected in the select 
last samples modules 492. In one embodiment, 120 samples 
are selected because the first 150 samples fall within the 
settling time for the saturation transfer module 406. The satu 
ration transfer module 406 processes the same data packets, 
as further discussed below. 

In the present embodiment, saturation equation calcula 
tions are performed on each 120-sample packet. In the present 
embodiment, the Saturation calculations are performed in two 
different ways. For one calculation, the 120-sample packets 
are processed to obtain each packets overall RMS value, as 
represented in the through, RMS modules 496. It should 
be understood that in the present embodiment there are n such 
RMS modules, although as few as one RMS module may be 
used. The resultant RMS values for each of then wavelengths 
of light provide input values to a first ratio operation 500, 
which provides its output as an input to a Saturation equation 
module 502. The ratio operation 500 calculates a ratio of the 
various signals based upon the multi-wavelength model 
described above, and illustrated as: 

- - - 
2. f3 NPRMs. 

The ratio of the intensity of different light wavelengths may 
be used to determine the oxygen Saturation of the patient. In 
one embodiment, the ratio is provided to a Saturation equation 
module 502, which includes a look-up table, a polynomial, or 
the like. The saturation equation module 502 provides a satu 
ration values at its output 504 based upon the ratio. In another 
embodiment, the n wavelengths individual RMS values are 
also provided as outputs of the statistics operations module 
404. 
The n 120-sample packets (corresponding to each of the n 

wavelengths of light) are Subjected to a cross-correlation 
operation as represented in a first cross-correlation module 
506. The first cross-correlation module 506 determines if 
good correlation exists between the various light wavelength 
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signals. This cross correlation is advantageous for detecting 
defective or otherwise malfunctioning detectors. The cross 
correlation is also advantageous in detecting when the signal 
model is satisfied. The signal model of the multi-wavelength 
physiological monitor is described in greater detail above 
with respect to FIG. 2, and in greater detail below, with 
respect to FIG. 10. If correlation becomes too low between 
the signals, the signal model is not satisfied. In order to 
determine whether the signal model is satisfied, the normal 
ized cross correlation can be computed by the cross-correla 
tion module 506 for each snapshot of data. 

In one embodiment, correlation between any two wave 
length signals X and X is determined according to: 

X v1.iv. 

For n wavelengths, a cross-correlation matrix, Corrxx'), is 
determined, where xeR". In one embodiment, a minimum 
value of the cross-correlation matrix is determined. The mini 
mum value may be determined by looking for the minimum 
value within the matrix, or the minimum eigenvalue of the 
matrix. Other methods may be used, as are well known to 
those of skill in the art. 

If the cross-correlation minimum value is too low, the 
oximeter 299 provides a warning (e.g., audible, visual, etc.) to 
the operator. In the present embodiment, if a selected Snap 
shot yields a normalized correlation of less than 0.75, the 
Snapshot does not qualify. Signals which satisfy the signal 
model will have a correlation greater than the threshold. 

In one embodiment, the 120-sample packets are also Sub 
jected to a second Saturation operation and cross correlation 
in the same manner as described above, except the 120 
sample packets are first divided into equal bins of Samples 
(e.g., five bins of 24 samples each). The RMS, ratio, satura 
tion, and cross correlation operations are performed on a 
bin-by-bin basis. These operations are represented in the 
divide into equal bins modules 510 the second RMS modules 
514 the second ratio module 518, the second saturation equa 
tion module 520, and the second cross-correlation module 
522, as illustrated in FIG. 9. In one embodiment, the divide 
into equal bins modules 510 divides the data into five equal 
bins. However, the divide into equal bins modules 510 may 
divide the data into any desirable number of equal bins, for 
example, 7 bins, 10 bins or 20 bins. 

FIG.10 illustrates additional detail regarding the saturation 
transform module 406 of FIG. 6. As illustrated in FIG. 10, the 
saturation transform module 406 includes log module 537, 
bandpass filter module 538, signal selector module 536, ref 
erence generator 530, a multi-variate process estimator 531, a 
master power curve module 554, a divide into equal bins 
module 556, and a bin power curve module 533. In another 
embodiment, the saturation transform module has a reference 
processor, a correlation canceller, and an integrator to provide 
a power curve for separate signal coefficients. Reference pro 
cessors, correlation cancellers, and integrators are well 
knownto those of skill in the art, and are described in U.S. Pat. 
Nos. 5,632,272 and 5,490,505, both of which are incorpo 
rated by reference herein in their entireties. 
As depicted in FIG. 10, the saturation transform module 

406 receives then packets (one packet for each wavelength of 
light) from the sub-sampling module 402 (not shown) of FIG. 
6. In one embodiment, each of the n packets contains 570 
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samples, although other sized packets may be employed. The 
data stored in then packets, indicated in FIG. 10 as . Signal 
Data, W Signal Data, ... W. Signal Data, is processed by log 
module 537. Log module 537 performs a logarithmic func 
tion on each of then packets, similar to the log module 480 of 
the statistics module 404 described above with reference to 
FIG. 9. The output of the log module 537 is input to a band 
pass filter module 538. In one embodiment, the bandpass 
filter module 538 performs the same type of filtering as then 
bandpass filters 488 of the statistics module 404 described 
above with reference to FIG. 9. Accordingly, each set of 570 
samples Subjected to bandpass filtering results in 270 remain 
ing samples. The resulting data at the n outputs 542 of the 
bandpass filter module 538 are, in one embodiment, n vectors 
of 270 samples. Each output 542 represents the normalized 
plethysmographic waveform of the corresponding wave 
length of light. The outputs 542 are provided to a signal 
selector module 536 and a reference generator 530. 
A plurality of possible saturation values (the “saturation 

axis scan, or SaO values) are provided to the Saturation 
reference processor 530 in addition to the normalized 
plethysmographic waveform outputs 542. In the present 
embodiment, 117 saturation values are provided as the satu 
ration axis Scan. In a preferred embodiment, the 117 satura 
tion values range uniformly from a blood oxygen Saturation 
of 34.8 to 105.0. Accordingly, in the present embodiment, the 
117 saturation values provide an axis scan for the reference 
generator 530, which generates a reference signal N for use 
by the multi-variate process estimator 531. 

In the present embodiment, the multi-variate process esti 
mator 531 includes a pseudo-inverse, as is known to those of 
skill in the art. In another embodiment, the multi-variate 
process estimator 531 is formed by a joint process estimator 
and a low pass filter. Details of a suitable joint process esti 
mator are provided in U.S. Pat. No. 5,632.272, incorporated 
by reference herein. However, it will be understood by those 
of skill in the art that a variety of Such processing structures 
may be utilized. For example, in another embodiment, a cor 
relation canceller, an adaptive linear combiner, an adaptive 
noise filter (e.g., as shown in FIG. 10A), an adaptive noise 
canceller, an adaptive linear lattice, a neural network, a radial 
basis, or a Voltera are used individually or in combination, 
instead of or in addition to the pseudo-inverse embodiment of 
the multi-variate process estimator 531. Such processing 
structures are well known to those of skill in the art, and 
require no further explanation herein. 

It should be understood that the scan values could be cho 
sen to provide higher or lower resolution than 117 scan val 
ues. In one embodiment, the scan values are non-uniformly 
spaced. 
As illustrated in FIG. 10, the reference processor 530 

accepts the saturation axis scan values as an input and pro 
vides a reference signal Nas an output. However, in another 
embodiment, Saturation axis scan values are provided to a 
saturation equation module (not shown). In Such embodi 
ment, the saturation equation module provides outputs “r. 
that correspond to the plurality of scan value discussed above. 
The Saturation equation simply provides a known ratio that 
corresponds to the Saturation value received as an input based 
upon data contained within a look-up table, or based upon a 
known polynomial relationship between the saturation axis 
scan values and the output “r”. 
When a Saturation equation module is employed, the ratio 

& G. r is provided by the Saturation equation module as an input 
to the reference generator 530, along with the sample packets 
for each of then light wavelengths. When a saturation equa 
tion module is not employed, as illustrated in FIG. 10, a 
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plurality of “r values are provided as the saturation axis. In 
one embodiment, the “r” values are represented as 
p(SaO), a row vector of known constants. The reference 
generator 530 processes the inputs as follows. 

The reference generator 530 output N, is a vector which 
equals p(SaO )X, where X is a vector of the normalized 
plethysmographic waveforms for each of the n wavelengths 
of light signals X, (such as outputs 542) and p(SaO ) is a 
row vector of known constants. 

This noise reference signal can be derived from the follow 
ing conditions and relationships. For example, in one embodi 
ment, arterial blood oxygen Saturation (SaO) is estimated 
with the following generalized rationetric model: 

T 
Warms 

bxams 
(1) 

-- bias). with a, b, xa, e R and biase R. 

Within the rationetric model: (i) a, b and bias are known 
constants derived from and/or defined based on fitting and/or 
calibration using experimental data and/or one or more mod 
els; (ii) X, is a vector of arterial rms-normalized plethys 
mographic data. For example, in the case of a nine-wave 
length system, n=9, and each entry of X is arterial rms 
normalized plethysmographic data associated to a specific 
wavelength; and (iii) fiR->R is a functional mapping defining 
a 'calibration' curve. It may assume any shape as long as it is 
invertible. 

In one embodiment, the venous component of the plethys 
mographic signal, n, is linearly added to the arterial plethys 
mographic signal Such that: 

(2) 

In the foregoing equation (2), X represents the instanta 
neous bulk normalized plethysmographic signal, composed 
of arterial, X, and venous, n, portions. The venous portion is 
assumed to be and/or corresponds to the noise component of 
the bulk normalized plethysmographic signal. 

In one embodiment, all the entries of n have the same 
frequency content. For example, if n, In, n2 ns', then corr 
(nn) corr(nn) corr(n), n)=1, which implies that 
motion affects evenly all the wavelengths, since it is caused 
by a single noise source (e.g., the change in venous blood 
Volume). Furthermore, X and n are assumed to be uncorre 
lated. 

In one embodiment, a venous noise reference signal is 
derived from the parameters and relationships provided 
above. For example, replacing in equation (1), the rms ver 
Sion, X with its instantaneous counterpart, X, it follows 
that, 

arnas 

((f'(SaO2)-bias)b'-a').x=0. 
Replacing X, with (2) yields: 

(3) 

It follows from equation (3) that all entries of vectorn, can 
be linearly related to a single source (for example, the change 
in venous blood due to motion, V) as follows: 

(4) 

In one embodiment, the vector of parameters, C., is not a 
function of motion artifacts, but is instead a function of the 
physiological parameters of the site being used for measure 
ment. Therefore, it has much slower variations when com 

n, C.V., CeR', and vye R. 
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pared to the source of motion, V, and as a result, it can be 
assumed constant during a few arterial-plethysmographic 
cycles. 

Replacing (4) in (3) yields: 

During the time interval of a few plethysmographic cycles, 
if SaO2 is assumed to be a constant, it follows from (5) that: 

(6) 

where, B is a unknown Scalar, is only a function of the satu 
ration value. Such that: 

and p is a row vector of known constants, is also only a 
function of the Saturation value, such that: 

Equation (6) implies that if the correct value for SaO2 is 
applied to it, the venous noise signal will be a linear combi 
nation of the bulk plethysmographic signals, entries of vector 
X. 

Therefore, inequation (6), B(SaO2)V, is the noise reference 
signal that can be used in combination with an adaptive linear 
noise canceller to remove the venous noise signal from the 
bulk plethysmographic signal. 
As a result, the venous-noise-reference-signal equation 

can be written as: 

N. p(SaO2)x (7) 

The vector x is provided as the outputs 542 illustrated in 
FIG. 10. The SaC) values are the “r values provided as 
the saturation axis, and a and b are known constants defined 
based on fitting and/or calibration using experimental data 
and/or models. This operation is completed for each of the 
saturation scan values (e.g., 117 possible values in the present 
embodiment). Accordingly, the resultant data can be 
described as 117 reference signal vectors of 570 data points 
each, hereinafter referred to as the reference signal vectors. 
This data can be stored in an array or any such data structure 
as is well known to those of skill in the art. 

In the present embodiment, as described above, the outputs 
542 are also provided to a signal selector module 536. One of 
the output signals 542 is selected by the signal selector mod 
ule 536 for further processing by the multi-variate process 
estimator 531. The selected signal is referred to as X. It is 
understood by those of skill in the art that any one of the 
output signals 542 may be selected by the signal selector 
module 536 for further processing. 

In one embodiment, the multi-variate process estimator 
531 includes a pseudo-inverse, which is used to determine a 
weight vector w associated with the reference signal Nand 
the selected signal. In one embodiment, the multi-variate 
process estimator 531 creates multiple single-column vectors 
of time-shifted data from the reference signal N. For 
example, in one embodiment, the multi-variate process esti 
mator 531 creates single-column vectors A, where: 

Nef 1 Nref 7 Nref 13 
Nef 2 Nref 8 || Nref 14 

A = | Nef 3 || Nef 9 || Nref 15 . . . 
Nef 16 
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In Such embodiment, a pseudo-inverse is determined as 
(AA)'A'. The weight vector w may then be determined by 
multiplying the pseudo-inverse by the selected signal (X) 
from the signal select module 536. The resulting vector w 
may be expressed as: w=(AA)'A'x. The output vectors w 
of the multi-variate process estimator 531 are provided to a 
master power curve module 554 and a divide into equal bins 
module 556. 
The divide into equal bins module 556 divides each of the 

output vectors into bins having equal numbers of data points. 
In one embodiment, the divide into equal bins module 556 
divides each of the output vectors into five bins, each con 
taining the same number of data points (e.g., with 120 data 
points per vector, each bin could have 24 data points). Each 
bin is then provided to a bin power curves module 558. 

In one embodiment, the master power curve module 554 
performs a saturation transform as follows. For each output 
vector, the Sum of the squares of the data points is determined. 
This provides a sum of squares value corresponding to each 
output vector (each output vector corresponding to one of the 
saturation scan values). These values provide the basis for a 
master power curve 555, as further represented in FIG. 11. 
The horizontal axis of the power curve represents the satura 
tion axis scan values and the vertical axis represents the Sum 
of squares value (or output energy) for each output vector. In 
one embodiment, as depicted in FIG. 11, each of the sum of 
squares is plotted with the magnitude of the Sum of squares 
value plotted on the vertical "energy output' axis at the point 
on the horizontal axis of the corresponding Saturation scan 
value which generated that output vector. This results in a 
master power curve 558, an example of which is depicted in 
FIG. 11. This provides a saturation transform in which the 
spectral content of the attenuated energy is examined by 
looking at every possible Saturation value and examining the 
output value for the assumed saturation value. As will be 
understood, where the inputs to the multi-variate process 
estimator 531 are mostly correlated, the sum of squares for 
the corresponding output vector of the multi-variate process 
estimator 531 will be very low. Conversely, where the corre 
lation between the first and second inputs to the multi-variate 
process estimator 531 are not significantly correlated, the Sum 
of squares of the output vector will be high. Accordingly, 
where the spectral content of the reference signal and the first 
input to the multi-variate process estimator 531 are made up 
mostly of physiological (e.g., movement of venous blood due 
to respiration) and non-physiological (e.g., motion induced) 
noise, the output energy will be low. Where the spectral 
content of the reference signal and the first input to the multi 
variate process estimator 531 are not correlated, the output 
energy will be much higher. 
A corresponding transform is completed by the Bin Power 

Curves module 558, except a saturation transform power 
curve is generated for each bin. The resulting power curves 
are provided as the outputs of the Saturation transform module 
406. 

In general, in accordance with the signal model embodi 
ment of the present invention, there will be two peaks in the 
power curves, as depicted in FIG. 11. One peak corresponds 
to the arterial oxygen Saturation of the blood, and one peak 
corresponds to the venous oxygen concentration of the blood. 
With reference to the signal model of the present invention, 
the peak corresponding to the highest Saturation value (not 
necessarily the peak with the greatest magnitude) corre 
sponds to the proportionality coefficient r. In other words, 
the proportionality coefficient r, corresponds to the ratio 
which will be measured for the arterial saturation. Similarly, 
peak that corresponds to the lowest Saturation value (not 
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necessarily the peak with the lowest magnitude) will gener 
ally correspond to the venous oxygen Saturation, which cor 
responds to the proportionality coefficient r, in the signal 
model of the present invention. Therefore, the proportionality 
coefficient r, will be a ratio corresponding to the venous 
oxygen Saturation. 

In order to obtain arterial oxygen Saturation, the peak in the 
power curves corresponding to the highest saturation value 
could be selected. However, to improve confidence in the 
value, further processing is completed. FIG. 12 illustrates the 
operation of the saturation calculation module 408 based 
upon the output of the saturation transform module 406 and 
the output of the statistics module 404. As depicted in FIG. 
12, the bin power curves and the bin statistics are provided to 
the saturation calculation module 408. In the present embodi 
ment, the master power curves are not provided to the satu 
ration module 408 but can be displayed for a visual check on 
system operation. The bin statistics contain the normalized 
RMS values for each of the wavelengths signals, the seed 
saturation value, and a value representing the cross-correla 
tion between the various wavelengths’s signals, as described 
in greater detail above with respect to the statistics module 
404 of FIG. 9. 
The saturation calculation module 408 first determines a 

plurality of bin attributes as represented by the compute bin 
attributes module 560. The compute bin attributes module 
560 collects a data bin from the information from the bin 
power curves and the information from the bin statistics. In 
the present embodiment, this operation involves placing the 
saturation value of the peak from each power curve corre 
sponding to the highest Saturation value in the data bin. In the 
present embodiment, the selection of the highest peak is 
performed by first computing the first derivative of the power 
curve in question by convolving the power curve with a 
smoothing differentiator filter function. In the present 
embodiment, the smoothing differentiator filter function (us 
ing a FIR filter) has the following coefficients: 

O.O982.94.0466827O6 
O2O4468276324.813 
2.717182664241813 
5.7044856O6695227 
OOOOOOOOOOOOOOOO 
-5.704482606695227 
-2.717182664241813 
-0.204468276324.813 
-O.O9829.40466827O6 

This filter performs the differentiation and smoothing. 
Next, each point in the original power curve in question is 
evaluated and determined to be a possible peak if the follow 
ing conditions are met: (1) the point is at least 2% of the 
maximum value in the power curve; and (2) the value of the 
first derivative changes from greater than Zero to less than or 
equal to Zero. For each point that is found to be a possible 
peak, the neighboring points are examined and the largest of 
the three points is considered to be the true peak. 
The peak width for these selected peaks is also calculated. 

The peak width of a power curve in question is computed by 
Summing all the points in the power curve and Subtracting the 
product of the minimum value in the power curve and the 
number of points in the power curve. In the present embodi 
ment, the peak width calculation is applied to each of the bin 
power curves. The maximum value is selected as the peak 
width. 

In addition, the RMS value from the entire snapshot, the 
individual wavelengths's RMS values, the seed saturation 
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value for each bin, and the cross correlation between the n 
wavelengths’s signals from the statistics module 404 are also 
placed in the data bin. The attributes are then used to deter 
mine whether the data bin consists of acceptable data, as 
represented in a bin qualifying logic module 562. 

If the correlation is too low, the bin is discarded. If the 
saturation value of the selected peak for a given bin is lower 
than the seed saturation for the same bin, the peak is replaced 
with the seed saturation value. If any wavelengths RMS 
value is below a threshold, the bins are all discarded, and no 
saturation value is provided, because the measured signals are 
considered to be too small to obtain meaningful data. If no 
bins contain acceptable data, the exception handling module 
563 provides a message to the display 336 that the data is 
COCOUS. 

If some bins qualify, those bins that qualify as having 
acceptable data are selected, and those that do not qualify are 
replaced with the average of the bins that are accepted. Each 
bin is given a time stamp in order to maintain the time 
sequence. A voter operation 565 examines each of the bins 
and selects the three highest saturation values. These values 
are forwarded to a clip and smooth operation 566. 
The clip and Smooth operation 566 performs averaging 

with a low pass filter. The low pass filter provides adjustable 
Smoothing as selected by a select Smoothing filter module 
568. The select smoothing filter module 568 performs its 
operation based upon a confidence determination performed 
by a high confidence test module 570. The high confidence 
test is an examination of the peak width for the bin power 
curves. The width of the peaks provides some indication of 
motion by the patient, wherein wider peaks indicate motion. 
Therefore, if the peaks are wide, the smoothing filter is 
slowed down. If peaks are narrow, the Smoothing filter speed 
is increased. Accordingly, the smoothing filter 566 is adjusted 
based on the confidence level. The output of the clip and 
smooth module 566 provides the oxygen saturation values in 
accordance with one embodiment of the present invention. 

In one embodiment, the clip and smooth filter 566 takes 
each new saturation value and compares it to the current 
saturation value. If the magnitude of the difference is less than 
16 (percent oxygen Saturation) then the value is pass. Other 
wise, if the new saturation value is less than the filtered 
saturation value, the new saturation value is changed to 16 
less than the filtered saturation value. If the new saturation 
value is greater than the filtered saturation value, then the new 
saturation value is changed to 16 more than the filtered Satu 
ration value. 

During high confidence (no motion), the Smoothing filteris 
a simple one-pole or exponential Smoothing filter which in 
one embodiment is computed as follows: 

where X(n) is the clipped new Saturation value, and y(n) is the 
filtered saturation value. 

During motion condition, a three-pole infinite impulse 
response (IIR) filter is used. Its characteristics are controlled 
by three time constants t t and t with values of 0.985, 
0.900, and 0.94 respectively. The coefficients for a direct form 
I, BR filter are computed from these time constants using the 
following relationships: 
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It is well understood by those of skill in the art that the 
normalized plethysmographic waveforms of the multi-wave 
length physiological monitor may be utilized to determine the 
pulse rate of the patient. For example, in one embodiment, the 
normalized plethysmographic waveforms of the multi-wave 
length physiological monitor, illustrated as lines w RMS, 
RMS, ... RMS in FIG.9, or the outputs 542 of FIG.10 may 
be used to determine the patient’s pulse rate. In one embodi 
ment, a Fourier transform is performed on at least one of the 
normalized plethysmographic waveforms to convert the data 
of the waveform from the time domain into the frequency 
domain using methods well known to those of skill in the art. 
In one embodiment, the first harmonic of the frequency data 
is identified as the patient’s pulse rate. 

Other methods of determining pulse rate or heart rate from 
normalized plethysmographic data is disclosed in U.S. Pat. 
No. 5,632,272, incorporated by reference in its entirety 
herein. 

While a number of preferred embodiments of the invention 
and variations thereof have been described in detail, other 
modifications and methods of using and medical applications 
for the same will be apparent to those of skill in the art. 
Accordingly, it should be understood that various applica 
tions, modifications, and Substitutions may be made of 
equivalents without departing from the spirit of the invention 
or the scope of the claims. 
What is claimed is: 
1. A physiological monitor for determining blood oxygen 

saturation of a patient, the physiological monitor comprising: 
a pulse Oximetry sensor, wherein the pulse oximetry sensor 

comprises: 
three or more light emitting diodes, wherein each light 

emitting diode is operative to emit light of a different 
wavelength; and 

a detector adapted to receive light from the three or more 
light emitting diodes after being attenuated by tissue 
of a medical patient, wherein the detector provides an 
output signal based at least in part upon the received 
light; and 

a processor configured to: 
compute a ratio based at least in part on three or more 

plethysmographic signals obtained from the output 
signal, the ratio comprising a quotient of a first 
weighted Sum of the plethysmographic signals multi 
plied by a first set of vector coefficients and a second 
weighted Sum of the plethysmographic signals multi 
plied by a second set of vector coefficients, the first 
and second sets of vector coefficients determined 
based upon calibration data or fitting of experimental 
data; and 

determine the blood oxygen saturation of said medical 
patient based at least in part upon a single blood 
oxygen Saturation curve using said ratio, wherein said 
blood oxygen Saturation of said medical patient deter 
mined based at least in part on the blood oxygen 
saturation curve is configured to exhibit higher accu 
racy at lower perfusion levels compared to a two 
wavelength blood oxygen Saturation system; 

output the oxygen Saturation for display to a clinician; 
wherein the processor compensates the blood oxygen 

saturation of said medical patient with data regarding 
blood constituents other than the blood oxygen satu 
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ration, wherein said blood constituents comprise 
methemoglobin, carboxyhemoglobin, and hemoglo 
bin in said medical patient’s blood. 

2. The physiological monitor of claim 1, wherein the first 
and second sets of vector coefficients are determined based 
upon calibration data. 

3. The physiological monitor of claim 1, wherein the first 
and second sets of vector coefficients are determined based 
upon fitting of experimental data. 

4. The physiological monitor of claim 1, wherein the blood 
oxygen saturation curve is linear over a range of ratio values, 
wherein the range of ratio values comprises from about 0.45 
to about 1.6. 

5. The physiological monitor of claim 1, wherein the blood 
oxygen Saturation curve is linear overa range of blood oxygen 
Saturation values, wherein the range of blood oxygen satura 
tion values comprises from about 75% to about 95%. 

6. The physiological monitor of claim 1, wherein the blood 
constituents further comprise a high hemoglobin level. 

7. The physiological monitor of claim 1, wherein the blood 
constituents further comprise bilirubin. 

8. The physiological monitor of claim 1, wherein the blood 
constituents further comprise methylene blue. 

9. The physiological monitor of claim 1, wherein the blood 
constituents further comprise deoxyhemoglobin. 

10. The physiological monitor of claim 1, wherein the 
blood constituents further comprise lipids. 

11. A method of determining the blood oxygen saturation 
of a patient, the method comprising: 

under control of a hardware processor, 
receiving at least three photoplethysmographic signals, 

each of the photoplethysmographic signals corre 
sponding to one of at least three wavelengths of light 
that have been attenuated by tissue; 

determining at least three output signals based upon the 
at least three photoplethysmographic signals; 

calculating a ratio with one or more processors based at 
least in part on the at least three output signals, 
wherein the ratio comprises a quotient of a first 
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weighted sum of the at least three output signals mul 
tiplied by a first set of vector coefficients and a second 
weighted sum of the at least three output signals mul 
tiplied by a second set of vector coefficients, the first 
and second sets of vector coefficients determined 
based upon calibration data or fitting of experimental 
data; 

determining a blood oxygen saturation based at least in 
part on a single blood oxygen saturation curve using 
the ratio, wherein said blood oxygen saturation of said 
medical patient determined based at least in part on 
the blood oxygen saturation curve is configured to 
exhibit higher accuracy at lower perfusion levels com 
pared to a two wavelength oxygen saturation system, 
said determining configured to compensate the blood 
oxygen saturation with data regarding blood constitu 
ents other than the blood oxygen saturation, wherein 
the blood constituents comprise methemoglobin, car 
boxyhemoglobin, and hemoglobin in said medical 
patient’s blood; and 

outputting the blood oxygen saturation for display to a 
clinician. 

12. The method of claim 11, further comprising selecting a 
data signal corresponding to attenuated light from one of the 
at least three photoplethysmographic signals. 

13. The method of claim 12, further comprising providing 
a process estimator output using a multi-variate process esti 
mator based at least in part upon the ratio and the selected data 
signal, such that a blood oxygen saturation of a patient is 
configured to be calculated in response to the process estima 
tor output. 

14. The method of claim 13, wherein the multi-variate 
process estimator comprises a pseudo-inverse. 

15. The method of claim 11, wherein the blood constituents 
further comprise one or more of the following: 
a low hemoglobin level, a high hemoglobin level, bilirubin, 

methylene blue, deoxyhemoglobin, or lipids. 


